Abstract. Accurate predictions of human pharmacokinetic and pharmacodynamic (PK/PD) profiles are critical in early drug development, as safe, efficacious, and "developable" dosing regimens of promising compounds have to be identified. While advantages of successful integration of preclinical PK/PD data in the "anticipation" of human doses (AHD) have been recognized, pharmaceutical scientists have faced difficulties with practical implementation, especially for PK/PD profile projections of compounds with challenging absorption, distribution, metabolism, excretion and formulation properties. In this article, practical projection approaches for formulation-dependent human PK/PD parameters and profiles of Biopharmaceutics Classification System classes I-IV drugs based on preclinical data are described. Case examples for "AHD" demonstrate the utility of preclinical and clinical PK/PD modeling for formulation risk identification, lead candidate differentiation, and prediction of clinical outcome. The application of allometric scaling methods and physiologically based pharmacokinetic approaches for clearance or volume of distribution projections is described using GastroPlus™. Methods to enhance prediction confidence such as in vitro-in vivo extrapolations in clearance predictions using in vitro microsomal data are discussed. Examples for integration of clinical PK/PD and formulation data from frontrunner compounds via "reverse pharmacology strategies" that minimize uncertainty with PK/PD predictions are included. The use of integrated softwares such as GastroPlus™ in combination with established PK projection methods allow the projection of formulation-dependent preclinical and human PK/PD profiles required for compound differentiation and development risk assessments.
INTRODUCTION
The successful development of new drug candidates with both efficacious and safe systemic exposures in humans with "developable" formulations based on preclinical data remains a major challenge in the pharmaceutical industry (1) (2) (3) (4) . One reason is that systemic exposure after oral dosing is determined by a variety of physicochemical, biopharmaceutical, and pharmacokinetic (PK) factors including drug solubility, dissolution, dosage form, permeability, efflux, and first-pass effects (5) (6) (7) (8) . Moreover, desirable molecular properties for orally delivered drugs fall into a narrow range for most marketed drugs (8, 9) . Another reason is that both human PK and pharmacodynamic (PD) parameters have to be predicted based on preclinical PK/PD relationships to accurately assess efficacious human dosing regimen (3, 10) .
Most published literature describe single PK parameter projection methods based on interspecies scaling for systemic clearance (CL) (11) (12) (13) (14) (15) (16) (17) , volume of distribution at steady state (V ss ) (14) (15) (16) (17) (18) , which includes physiologically based PK (PBPK) models (19) (20) (21) (22) , and bioavailability (F) (17, 23, 24, 25) . Human oral PK or PK/PD plasma profile predictions are not frequently reported. Successful profile predictions for a few compounds were performed by Wajima and others (19, 23, 26) . Formulation-dependent human PK/PD profile projections (3) following oral dosing are rare. Often human predictions rely solely on an unchanging absorption rate constant (k a ) and a bioavailability estimate obtained from the average of preclinical species data as absorption input parameters (23) . As a result, these PK/PD models can have limited flexibility to evaluate the impact of formulation parameters or modified dosage forms on oral PK/PD profiles, which can be important especially for compounds with solubility or dissolution rate limited absorption.
We report examples for the practical projection of human PK and PK/PD concentration and effect time profiles based on preclinical PK/PD and absorption models (27, 28) . We illustrate modeling approaches which can be readily implemented by pharmaceutical scientists utilizing common tools such as allometric scaling (11) (12) (13) (14) 29, 30) , the Wajima et al. method (23, 26) , and GastroPlus™ including its PBPK, PK/ PD, and absorption, distribution, metabolism, excretion, and toxicity (ADMET) Predictor™ software modules (31) . Case examples will demonstrate the use of "reverse pharmacology approaches" and in vitro-in vivo extrapolation (IVIVE) strategies for selections of clinical backup candidates and risk identification based on preclinical PK/PD and formulation modeling with inclusion of data from frontrunner compounds. The cases discussed here have challenging absorption, distribution, metabolism, and excretion (ADME) properties, such as low gastrointestinal solubility, high or unpredictable first pass effects, or unknown potency/efficacy in humans, for which human PK/PD profiles had to be established for decision making.
GENERAL PROCESS FOR ANTICIPATION OF HUMAN DOSES AND PK/PD PROFILES IN DRUG DEVELOPMENT
The prediction of efficacious human doses is a complex process as biopharmaceutical, pharmacokinetic, and pharmacodynamic properties must be projected from preclinical data (1) . While the maximum recommended starting dose for first in human (FIH) trials is covered by an Food and Drug Administration guidance (32) , the prediction of efficacious doses is performed at early and late development stages for several reasons, including (a) selection of clinical candidate back-up compounds with improved ADMET properties, (b) identification of safe and efficacious doses for FIH trials, (c) identification of formulation development risks, and (d) estimation of drug supply needed for toxicokinetic and FIH trials.
Lowe et al. (1) had described a general basic four-step projection process for the anticipation of human doses (AHD), schematically shown in Fig. 1a , which includes (step 1) characterization of preclinical exposure-response or effect relationships, (step 2) "humanization" or correction for interspecies differences, such as protein binding, or differences in potency, (step 3) compound ADME properties evaluation and prediction of human pharmacokinetic parameters, and (step 4) prediction of human dose-responses for dose selection in phase I protocols. Steps 3 to 4 include the integration and scaling of preclinical PK parameters to the human (e.g., CL, V ss , and F) and PD parameters such as 50% inhibitory concentration (IC 50 ), i.e., the plasma drug concentration that is required to maintain 50% inhibition against a target. Clinical PK/PD data from frontrunner candidates can then be used to validate preclinical PK/PD strategies. The original AHD paradigm (1) did not include biopharmaceutics and formulation strategies, which are especially critical for Biopharmaceutics Classification System (BCS) classes II to IV compounds. The incorporation of formulation and biopharmaceutical parameters for human PK/PD predictions is shown schematically in Fig. 1b . Human PK and PK/PD profiles can be predicted for varying dosage forms and varied drug properties, such as particle size, solubility, and dissolution, among others, for compounds with solubility-/ dissolution-dependent bioavailability (BCS classes II and IV), or for BCS classes I and III compounds where modified release dosage forms are being sought to modify systemic exposure, such as to reduce peak to trough plasma concentrations.
The impact of formulation variables on drug absorption and resulting PK profiles can be evaluated with simulation tools, such as GastroPlus™ and PDPlus™ (Simulations Plus, Fig. 1 . a Anticipation of human dose (AHD), PK/PD, and projections of efficacious dosing regimen often involves multiple steps (see text). The predictions of human PK parameters such as CL, V ss , F, and a targeted C ssavg are usually performed once preclinical PK data are available for at least one species. After incorporating PD data from preclinical efficacy models, human PK/PD projections can be performed. Formulation strategies are needed during all steps and are especially critical prior to first in human (FIH) studies. With FIH data, the AHD process can be validated with the frontrunner data and the models can be refined. "Reverse pharmacology" strategies utilize clinical PK/PD data to establish a link and validate preclinical PK/PD models and can aid in the selection of back-up candidates. b Formulation-dependent PK/PD requires the integration of parameters, such as solubility and dosage form with PK and PD parameters. Systemic exposure or bioavailability (F) is controlled by fraction of drug absorbed (F a ), the fraction that escapes gut wall metabolism (F g ), which is often negligible, and the systemic clearance (CL) (2, 41) . F a is determined by permeability (P app ), solubility, intestinal efflux, and formulation parameters. CL can be estimated via several methods including allometry, the rule of exponents (13) , IVIVE (14, 15) , or the Wajima et al. method (26) . Formulation-dependent PK concentration-time profiles can be determined after input of V ss , which can be predicted using allometry or mechanistic methods (17, 20) . PD parameters, e.g., IC 50 values can be obtained from preclinical efficacy studies using direct and indirect PD models (46) to generate a formulation-dependent response time-course profile (effect vs. time; PD profiles after Meibohm and Derendorf (40)) Inc., CA, USA) or Simcyp™ (33) (Simcyp Ltd, Sheffield, UK). GastroPlus™, which evolved from Yu's compartmental and absorption and transit (CAT) model (34) , now allows oral absorption and systemic PK/PD simulation using a nine compartmental pharmacokinetic advanced CAT model (31) . Since recently, PK/PD profiles based on direct and indirect PD models (35) can be simulated with GastroPlus™ and its integrated PDPlus™. Case examples of PK profile projection and AHD demonstrate the utility of preclinical PK/PD (cases 1-3); incorporation of species differences (cases 1 and 2); practical projections of human CL and V ss parameter (cases 1-4); F predictions using GastroPlus™ (cases 1-4); and a PBPK approach (case 3).
Case Study 1: Formulation-Dependent PK/PD Simulations via a "Reverse Pharmacology Approach" Using Metabolism IVIVE from Multiple Species
Purpose
Backup B is a follow-on candidate to frontrunner A which has known comparable efficacy in humans and dogs. Human PK/PD modeling was performed for backup B vs. frontrunner A at lead optimization stage for differentiation assessment. The following goals were set for FIH projections: (a) establish if backup B has higher potency and percent target inhibition over time, (b) determine PK properties, including C min and C max , (c) determine if backup B could be administered at lower doses than frontrunner A to maintain levels above the 80% inhibitory concentration (IC 80 ), and (d) evaluate if C max could be reduced with a controlled release (CR) formulation to minimize levels between C min and C max .
Background
Backup B is a strong base (pK a =8.4) with a molecular weight (MW)<500 and an equilibrium solubility of 2 to 10 mg/mL at intestinal pH in biorelevant media. Given the log P of 2.5 and a high permeability in a Caco-2 assay (P app apical to basolateral, 13×10 −6 cm/s), backup B was classified as a likely BCS class I drug. Backup B showed bioavailabilities with ∼20%, 42%, and 60% in the monkey, rat, and dog, after solution dosing, respectively. Low systemic clearances were observed across species when compared to their respective liver blood flows (36) ( 
Method
Since both preclinical and clinical PK/PD data were available for the frontrunner A, a "reverse pharmacology strategy" was used to validate and predict human PK/PD profiles of backup B:
1. Establishment of PK/PD link between human and preclinical PK/PD with frontrunner A: A dog preclinical PK/PD model was established by using measured dog PK and PD data from three animals at 1 mg/kg. PK data were described by a two-compartment model. PD data were modeled using a direct I max model within the GastroPlus PDPlus™ module, as the PD response and PK concentration occurred at the same 50 values were used with the GastroPlus PDPlus™ module to simulate human plasma PK/PD profiles after single and multiple oral daily dosing regimens. 6. Dose and formulation selection scenarios: To assess differentiation and to identify risks, the following human model scenarios were used: (a) 50 and 100 mg IR doses of frontrunner A, (b) 50 and 100 mg IR doses of backup B, and (c) 100 mg CR of backup B. PK and PD were compared for both dose strengths.
Results and Discussion
The dog PK/PD data following a 1 mg/kg oral dose of frontrunner A and backup B are shown in Fig. 2a , b, respectively. Both figures show double-Y plots with plasma levels (left axis) and the measured PD response (right axis). The dog PK/PD model predicted an IC 50 and IC 80 of 3.4 and 20 ng/mL, respectively, for backup B. For frontrunner A, the IC 50 and IC 80 were predicted to be 15 and 89 ng/mL, respectively, suggesting lower potency than backup B.
Using human estimates for CL and V ss and using the same IC 50 values for humans, the human PK and PD profiles were simulated with GastroPlus™. Figure 3a shows an overall acceptable agreement for the frontrunner A predicted vs. the clinically observed pharmacokinetic profile following a daily dose of 100 mg IR (dashed line and solid circles, respectively), even though C max values were overpredicted. Figure 3b shows frontrunner A's simulated human PD response after a 100 mg (dashed line) or a 50 mg (dasheddotted line) daily oral dose administered as an IR formulation. Frontrunner A is simulated to yield approximately 80% of inhibition for 24 h in human with a 100 mg daily IR dose at steady state. These results are in line with demonstrated clinical efficacy at this dose (data not shown). However, a 50 mg IR dose of frontrunner A is simulated to provide 80% inhibition for only approximately 10 h (Table II; Fig. 3b ), indicating a 50 mg dose is too low to maintain the desired PD response over the dosing interval. These PK/PD results support frontrunner A's recommended efficacious daily dose of 100 mg. For backup B, Fig. 3b demonstrates that a lower dose, 50 mg, is sufficient to maintain a desired >80% inhibition PD response within the 24-h dosing interval. This is mainly attributable to the higher potency of backup B, as simulated oral PK profiles are similar for both compounds at 50 mg (Fig. 3a) . As expected, both compounds provide sufficient PD effect at 100 mg daily doses (Table II) . A 100 mg CR formulation of backup B lowers C max and thus may reduce systemic side effects when compared to 100 mg IR formulation (Table II) .
For successful PK predictions, multiple methods should generally be attempted for CL and V ss to evaluate concordance between methods (set arbitrarily to within less than 2-fold) (17) . When metabolism IVIVE is observed (Table I) , this can increase the confidence in projections, and this approach is useful for compounds which are mainly metabolized by the liver. "Species-connects", where projected . Both compounds were administered orally at 1 mg/kg. Measured plasma concentrations (CP) are shown on the left axis, while the PD response is shown on the right. The data were fitted to a direct I max model using GastroPlus PKPDPlus™. The dog IC 50 for backup B was 3.4 ng/mL and was 15 ng/mL for frontrunner A parameters are within less than 2-fold (Table I) , can increase confidence in predictions. For the PD response, prediction confidence is enhanced as human data were available for frontrunner A, which allows a "reverse pharmacology" approach, where clinical PK/PD is linked to an established preclinical PK/PD model.
Conclusion
A reverse pharmacology approach was used to establish a link between clinical PK/PD data and a preclinical PK/PD dog model. Simulations showed that backup B may provide differentiation against frontrunner A, by requiring a lower human efficacious dose. For backup B, a 50 mg IR capsule provides sufficient PD effects over the dosing interval of 24 h, while for frontrunner A, 100 mg is required to achieve a similar effect level. Simulations also showed that a CR formulation could reduce C max while maintaining the PD response throughout the dosing interval. The lower dose for backup B is more desirable and can be attributed to its higher potency, as both compounds showed similar PK profiles.
Case Study 2: Formulation-Dependent PK/PD Assessment for Poorly Aqueous Soluble Compounds with Varying Systemic CL and Bioavailability
Purpose
Compound K and compound P are novel lipid lowering agents for the treatment of cardiovascular diseases and both have low aqueous solubility. PK/PD projections were to be performed at lead optimization stage (1) to choose one of the compounds for further development and to evaluate formulation development risks.
Background
Compound K is a lipophilic (clogP >5.5, ADMET Predictor™) zwitterion (calculated basic pK a =7.9, acidic pK a =4.4) which exhibits low solubility at physiological pH (0.001 mg/mL at pH 6.8) and medium permeability in Caco-2 (P app apical to basolateral, 2.7 × 10 −6 cm/s). Similarly, compound P is a zwitterion (calculated basic pK a =4.21 and acidic pK a =4.8) with a solubility at physiological pH (0.02 mg/ mL at pH 6.8) and low to medium permeability in Caco-2 (P app apical to basolateral, 0.68×10 −6 cm/s). The Caco-2 permeability was converted to a human permeability using an internally developed correlation equation. Both compounds were classified as potential BCS IV drugs (5, 6) .
Pharmacokinetic studies were performed in several species. Compound K's systemic clearance was low (hamster, Fig. 3 . a, b Human PK/PD of frontrunner A and the backup candidate, backup B using GastroPlus™ for 50 and 100 mg IR doses. Predicted PK plasma concentrations are shown on the left (a). The solid symbols represent observed clinical PK data after a single dose of 100 mg of frontrunner A. The corresponding simulated PD responses using a direct I max model are shown on the right (b). The solid vertical line represents the targeted inhibition profile with a desired PD response of 80% inhibition. Fifty milligrams IR of backup B was simulated to yield a PD response of 80% for 24 h, while frontrunner A requires a 100 mg daily IR dose monkey), moderate (rabbit), and high (rat) when compared to their respective liver blood flows (36) with a range from 2.5 to 52 mL/min/kg. Moderate to high volume of distribution across species (4.4 to 10.7 L/kg), along with poor to moderate oral bioavailability (4% to 53%), were observed. For compound P, pharmacokinetics were studied in rat, hamster, and monkey, and low total systemic clearance were consistently observed (from 0.43 to 14 mL/min/kg) when compared to their respective liver blood flows (36), indicating "species agreement". Moreover, low to moderate volume of distribution (0.57 to 1.52 L/kg) and consistent moderate oral bioavailability (50% to 53%) were observed in all species. Thus, compound K showed differences in preclinical PK parameters, while compound P showed moderate oral bioavailability and low clearance across species.
To establish metabolism IVIVE, in vitro data were obtained from rat, dog, monkey, and human liver microsomes for both compounds. For compound K, there was lack of IVIVE. While the rat showed high clearance both in vitro and in vivo, the monkey had high in vitro clearance but low in vivo total systemic clearance (not shown). Hence, human liver microsomes could not be used to predict human in vivo clearance with high confidence. On the contrary, for compound P, IVIVE was observed as all animal species had low to moderate clearance in liver microsomes (data not shown), which was consistent with the low systemic in vivo clearance. Thus, human liver microsomes could predict human in vivo clearance with confidence (17) . Various allometric methods were also used to project human clearance in vivo (17) . For compound K, rat and rabbit predicted moderate CL (7.3 mL/ min/kg), while monkey and hamster predicted low CL (0.25 mL/min/kg). Using all four species, the predicted CL was low (0.83 mL/min/kg). In contrast, for compound P, the predicted human CL from various methods was consistently low (0.1 to 0.4 mL/min/kg). Compound K had demonstrated an IC 50 of 83 ng/mL in the preclinical efficacy model, while compound P had demonstrated efficacy with an IC 50 of 110 ng/mL.
Method
For compound K, various risk scenarios for 20-500 mg doses for human PK/PD profile prediction were conducted assuming that solubility could be improved by formulation optimization (Table III) : (a) low CL and high solubility, (b) low CL and low solubility, (c) moderate CL and high solubility, and (d) moderate CL and low solubility. As dose depends on CL and F, a higher CL translates into a higher dose, while a lower solubility can lead to lower F by reducing the fraction absorbed, F a (Fig. 1b) (41) . Similar analyses were conducted for compound P (details not shown).
Results and Discussion
For compound K, the dose range to achieve more than 50% PD effect was wide, 20-500 mg, using an IR capsule (Table III ; Fig. 4a, b) due to a wide range in CL estimates (0.83-7.3 mL/min/kg), caused by species dependent metabolism, and solubility dependent bioavailability (5.8-87%). Notably, even a 500 mg dose could not achieve the upper targeted PD effect (>80%), under the "worst" scenario with low solubility and moderate CL. In contrast, for compound P, the projected required dose range was narrow (10-40 mg, not shown) imparted by moderate to high oral bioavailability (∼40-70%, data not shown), higher solubility compared to compound K, and a narrow and consistently low predicted human CL from preclinical species (0.1 to 0.4 mL/min/kg, data not shown) indicating "species agreement". PK/PD projections for poorly soluble compounds can be challenging, especially for compounds with moderate or high CL where "first-pass" can reduce systemic exposure and oral bioavailability. Although species disconnects for in vivo CL were observed (approximately 9-fold difference; Table III ) and IVIVE with microsomal data could not be established, compound K human CL was predicted to be low to moderate with confidence. For development risk identification, a range of predictions with varying scenarios can be included (Table III) . Since formulations can often be optimized, the model scenarios should focus on the prediction of CL and F. Using the model scenarios, compound K and compound P could be differentiated based on required doses to maintain a desired PD effect with high confidence, and only compound P was chosen for further development. CL clearance, QD quaque die, PD pharmacodynamic a Human projections are based on in vivo IV data from four species, rat, rabbit, hamster, and monkey, using two-compartment model allometry. Since exposure is apparently solubility rate-limited, solubility scenarios chosen were (a) 0.002 mg/mL, which represents minimal formulation efforts and (b) 0.01 mg/mL assuming a 10-fold increase in solubility due to formulation optimization (28) . An IR capsule and a default average particle size of 25 μm was assumed. V p was assumed to be approximately equal to V ss . The first-pass extraction in GastroPlus was calculated as described by Jones (55)
Conclusion
Formulation parameters were integrated with preclinical PK and PD data to project the human dosing regimen for two compounds with varying CL and solubility/dissolution ratelimited bioavailability. Clear differentiation based on the projected required human dosing regimen was possible, thus allowing science-driven candidate selection at lead optimization. For BCS II or BCS IV drugs (5,6), softwares such as GastroPlus™ offer advantages as solubility, dissolution, or formulation impacts on PK plasma profiles and PD response can be readily evaluated.
Case Study 3: Prediction of Human IV and PO Profiles for Different Formulations Using PBPK Modeling for V ss and Allometry for CL

Purpose
Compound R is a novel antiviral drug. At the lead optimization phase, its primary targeted use is intravenous dosing in a hospital setting. However, for community use, oral dosage forms were also to be developed. Human PK modeling was performed with the following goals: (a) to predict its intravenous PK profile following 75 mg infusions for FIH projections, (b) determine if compound R can be dosed orally and achieve a bioavailability greater than 50%, and (c) predict food effects on PK parameters.
Background
Compound R is dibasic (pK a =10.7, 3.1) with a MW<500 and an aqueous solubility near 0.003 mg/mL in its free form. The predicted solubility using the ADMET Predictor™ was 0.007 mg/mL at pH 6.6. Using a self-emulsifying drug delivery systems (SEDDS) formulation (42) of its salt, the measured solubility was increased to >1 mg/mL in a simulated intestinal fluid dispersion. Its permeability in the Caco-2 assay was moderate (P app apical to basolateral, 4.5×10 −6 cm/s). Based on these data, compound R was classified as a BCS class II drug. Preclinical studies were conducted in the rat, dog, and monkey. In the rat, compound R showed a moderate plasma clearance of 17 mL/min/kg, a high V ss of 5.3 L/kg, and a moderate to high bioavailability (60% to 100%). In the dog, compound R showed a low plasma clearance of 5 mL/min/kg and a moderate V ss of 1.8 L/kg. In the monkey, clearance was moderate, 18 mL/min/kg, and V ss was moderate (2.1 L/kg). Thus, low to moderate systemic clearances and first-pass extraction ratio were observed across species when compared to their respective liver blood flows (36) .
Formulation studies in the dog revealed that a lipidbased SEDDS (42) showed the highest bioavailability due to greatly enhanced solubility. Human CL was estimated using (a) allometry with in vitro microsomal metabolism correction suitable for compounds with overall low CL (43), (b) the "FCIM" (11, 13) , and (c) Wajima et al. method (26) . For method (a), the log of the measured in vivo CL was plotted against the log of the body weight for rat, monkey, and dog. With the general allometric formula, log CL ð Þ ¼ logðaÞ þ b Â logBW , and including intrinsic metabolism correction, one obtains log CL ð Þ Â CL intHLM =CL intAnimalLiverMicrosomes ð Þ ¼ logðaÞ þ b Â log BW (43) . The human V ss was estimated using (a) Oie-Tozer (2.4 L/kg) (1, 15) and (b) ADMET Predictor™ using in silico predictions and PBPK for a 85-kg human (2.1 L/kg) and employing the Lukacova et al. method derived from the method from Rodgers et al. (37) (38) (39) (Table IV) .
Method
To establish a link from preclinical PBPK models to the human situation, the following steps were taken:
1. Modeling of rat IV profile: Since the drug was targeted for intravenous dosing, rat intravenous data were modeled using GastroPlus™, with measured pK a and log P as input parameters. The default rat PBPK model in GastroPlus™ was chosen. Figure 5 shows the simulated and measured bolus IV profile in the rat after a 2 mg/kg dose, with r 2 =0.82. 2. Modeling of human IV profiles: Since IV data in the rat could be described with the Lukacova et al. method (37) (38) (39) for V ss , IV profiles were simulated for the human situation using the same method. The targeted dosing regimen was 75 mg via infusion over 25 min using compound R salt SEDDS formulation. The predicted vs. observed human IV profile is shown in Fig. 6a , demonstrating a good fit with r 2 =0.76.
Selected predicted and observed PK parameters are listed in Table IV . 3. Modeling of oral profiles in fasted humans: The targeted dose of interest was 75 mg given daily as a SEDDS suspension. A GastroPlus™ default physiology model of a fasted human was selected. The predicted vs. the observed fasted human oral profile is shown in Fig. 6b , demonstrating a good fit with r 2 =0.76. 4. Simulation of oral profiles were performed for a 450-mg dose in fasted and fed humans (Table IV) :
The impact of food on oral absorption was modeled, since compound R solubility is approximately 9-to 10-fold higher in the presence of bile acids (data not shown).
Results and Discussion
Accurate dose projections rely on accurate CL estimates, as higher projected clearance translates directly into higher doses. Here, all methods overpredicted the low observed human CL (0.95 mL/min/kg). Compound R estimates for CL Predictions were performed using GastroPlus™ modules and employing interspecies scaling methods for CL and V ss (14) NA not applicable, C s equilibrium solubility, SD standard deviation, AUC area under the concentration curve, SEDDS self-emulsifying drug delivery systems, PBPK physiologically based PK, FCIM fraction unbound corrected intercept method a All simulation were done with GastroPlus. V ss was 2.1 L/kg using the Lukacova et al. PBPK method (37-39); CL used was 0.95 mL/min/kg. A human fasted default model was used. P app was derived from Caco-2 using an internally developed model; 0.007 mg/mL was estimated from ADMET Predictor™; 0.07 mg was measured at intestinal pH were (a) 2.1, (b) 3.6, and (c) 3.1 mL/min/kg (Table IV) . The best results were obtained using the microsomal correction method by Lave (43) , and predicted CL values were within approximately 2-fold of the in vivo CL (Table IV) . While this confirms that in vitro metabolism correction is suitable for compounds with low CL, it highlights the difficulty to project CL when overall low CL is observed in preclinical species. While all methods did correctly project low systemic CL in humans (<5 mL/min/kg; Table IV) compared to the human liver blood flow (36), this examples shows the importance of accurately predicting and multiple CL selection scenarios should be considered for projections. The PBPK in silico method showed good agreement with measured V ss in humans. While no corrections for tissue partitioning were needed for compound R (log P <3), compounds with high log P values should utilize the V ss method derived by Lukacova et al. and based on the method from Rodgers et al. (37) (38) (39) , as conventional calculation methods can overpredict V ss often by several orders. Rat IV data can be used to identify V ss overprediction errors, as in vivo V ss can be readily compared with the in silico V ss . If available, additional corrections can be made with measured rat tissue distribution data, but these are often not available, as radiolabeled compound is required.
Formulation-and solubility-dependent PK parameters were observed in human (Table IV) . While the free base suspension had a low bioavailability of 6.2%, an SEDDSoptimized solution of a salt enhanced the bioavailability to 90%. The presence of food also enhanced bioavailability of a 450-mg free base from 6.2% to 16%, likely due to enhanced solubility in presence of bile salts (Table IV) . Overall, the in vivo variability (%CV) was high, larger than 35% (data not shown), which is not uncommon for poorly bioavailable compounds (44) . The PK parameters (area under the concentration curve (AUC) and C max ) could be predicted with predictive errors less than 33% after a 75-mg oral dose suspension or solution using in vitro solubility data or the ADMET Predictor™ estimate (Table IV) . However, for the prediction of food effects, large prediction errors (105-172%) were observed and AUC and C max were overpredicted for the 450-mg dose given under fed conditions (Table IV) . Simulations suggested that the true in vivo human solubility under fed conditions was likely lower (∼0.035 mg/mL) than the measured in vitro value (0.070 mg/mL). This case illustrates that biorelevant solubility data are crucial for accurate human predictive PK/PD modeling. Measuring relevant solubility remains a challenge (45) , and more work is needed to refine the models, including precipitation kinetics (28) .
Conclusion
A GastroPlus™ PBPK model was used to describe human IV and PO data for a BCS class II compound. In general, PBPK strategies can entail (a) prediction (in silico) of rat IV profiles, (b) prediction (in silico) of rat oral profiles, and (c) prediction (in silico) of human IV and oral profiles. CL estimates can be derived by including microsomal data or by allometric scaling of in vivo data. Fasted human PK parameters could be predicted with acceptable predictive errors of less than 33%. Projections for fed humans overestimated exposure and predictive errors were high (>63%), likely due to nonpredictive solubility data.
Case Study 4: Human PK/PD Projections Using Only Single Species Rat PK/PD Data
Purpose
In some cases, human efficacious dose projections need to be performed early in discovery with very limited data. Human PK/PD projections were requested at optimization stage for a cardiovascular backup candidate, backup C, and only rat PK/PD data were available. For frontrunner B, human oral and IV clinical data were available, in addition to rat PK/PD data. The following tasks had to be accomplished: (a) to predict the human PK and bioavailability of backup C using only rat data and (b) to establish PK/PD relationships for both compounds for differentiation.
Background
Frontrunner B is a weak base, with a low Caco-2 permeability (∼2×10 −6 cm/s) and a solubility >1 mg/mL at physiological pH and thus is a BCS class III drug. Similarly, backup C is also a weakly basic BCS class III drug. Frontrunner B has a low rat bioavailability (∼25%), which is similar to human bioavailability (∼24%), likely due to incomplete absorption and high clearance. In contrast, the backup C has a rat bioavailability near 60-75%. Rat PK/PD data were available for both compounds. Since there was a time delay in the PD response, indirect response modeling with inhibition of input (46) was done with the GastroPlus PDPlus™ module. Since rat CL could predict human CL of frontrunner B, human CL for backup C was estimated using rat single species scaling (17, 47) . As frontrunner B's V ss could be predicted within less than 1.1-fold of human clinical data via ADMET Predictor™ using in silico parameters as inputs, the same approach was used for backup C.
Methods
The following steps were taken for the PK/PD projection:
1. Human PK model validation with clinical frontrunner B: Projections were done retrospectively to validate the PK projection method with rat data as the rat is thought to be predictive of human absorption for many drugs (48) . IV profile projections were done by a method proposed by Wajima et al. (26) , which is a universal and easy-to-use approach (23) . Human IV plasma concentration-time profile could be predicted based on rat plasma concentration-time profiles which were superimposable when they are mathematically transformed (not shown). Frontrunner B's oral profile could be predicted with r 2 = 0.74, even though the observed data were highly variable (Fig. 7a, solid  circles) . 2. Backup C human IV and oral profile projection were carried out analogous to steps performed for frontrunner B.
Results and Discussion
The results of projected PK/PD relationships for frontrunner B and backup C are shown in Fig. 7a, b . Predicted oral plasma concentration-time profile after a 80 mg quaque die (QD) dosing of frontrunner B (left axis, dotted line) are in good agreement with the observed clinical data (solid circles). As rat PD effect parameters were predictive for human PD (data not shown), rat PD parameters were used. A targeted PD response above 0.50, near 0.55, or 55% was achieved with an 80 mg dose and maintained for 24 h (Fig. 7a) . While backup C has a lower potency (Table V) , it has a higher projected bioavailability in human, based on rat PK and bioavailability data. A 50 mg QD dose of backup C was projected to have a similar PD effect when compared to 80 mg frontrunner B (Fig. 7b ; Table V) . Thus, backup C is anticipated to require a similar or slightly lower dose than The human IC 50 was defined as the rat IC 50 , as the rat is a predictive model for human. While backup C has lower potency, it has a higher projected bioavailability in human, based on rat PK data IC50 50% inhibitory concentration, PD pharmacodynamic, QD quaque die frontrunner B. As both compounds are likely BCS class III drugs, formulation parameters were not included in this analysis. For IV profile projections, the Wajima et al. method has the advantage that it is easy to use with existing preclinical IV data and any value for human predicted CL or V ss can be used as input parameters (26) , which makes this method ideal for a reverse pharmacology approach, unlike other methods (49) . While IV data from at least two to three preclinical species are recommended (26) which can allow identification of species dependent PK, here, single species rat data were adequate since frontrunner data are available. Indeed, single species scaling using the rat has been recommended by others as a first-line approach for predicting human PK (17) , and thus, this model allows to perform AHD at the lead optimization stage in drug development.
The reverse pharmacology PK/PD approach has several limitations. It assumes that rat CL is predictive for human CL (29) for backup C, as was the case for frontrunner B. It is further assumed that the rat pharmacology model and its generated PD parameters, e.g., IC 50 , are conserved in the human. Potential transporter involvements in clearance mechanism were not included in the model, as these data were not available at optimization development stages. Thus, the AHD approach should be verified when additional PK or PD data become available from higher species later in development.
Conclusion
Existing clinical data from frontrunner compounds can be used to aid in the prediction of PK/PD performance for backup candidates using rat data only. The Wajima et al. method is suitable to predict human PK profiles. Incorporation of rat PK/PD data allowed the early projection for human PK/PD for backup candidates in drug development.
SUMMARY DISCUSSIONS, MODELS LIMITATIONS, AND OUTLOOK
Human PK and PD projections should be carried out at early development stages to aid in compound differentiation, formulation risk identification, and estimation of drug supply needed for toxicokinetic and FIH studies (1, 3) . The case studies use practical and straightforward methods for CL, V ss , and F projections. Human CL and V ss can be obtained using various methods. Allometric methods including the rule of exponents (11) (12) (13) (14) 17, 25) can be used to estimate human CL when in vivo data are available. In vitro methods based on the well-stirred model are commonly employed for hepatically cleared compounds (15, 17) . For V ss , the Oie-Tozer method can be used, among others (17) . Single species allometry (rat) data or multispecies data can be used for predictions, and in some cases, single species data can be more predictive than multispecies allometry (17) .
Successful PBPK strategies have now become mainstream with the availability of integrated softwares such as Simcyp™ and GastroPlus™ (20, 50) . Required human CL inputs are often derived from hepatocytes or microsomal systems (15, 51) , while tissue distribution for V ss can be predicted using mechanistic tissue composition equations (52-54) embedded in, e.g., GastroPlus™ PBPK modules.
PBPK models can be used to predict concentration-time profiles. Plasma profiles can also be predicted using the Wajima et al. method (23, 26) . Formulation-dependent human PK/PD profiles can be readily generated using GastroPlus™ with its PBPK, and PK/PDPlus™ software modules (31) , or other softwares, such as Simcyp™ (33) . The integration of formulation parameters and biopharmaceutical properties into PK/PD projections using risk scenarios allows the identification of in vivo PK performance issues for all BCS class drugs. While integrated softwares have now become mainstream, unmet needs include (a) further refinement of mechanistic PBPK models for highly lipophilic compounds, (b) improvements in predicting food effects, and (c) integration of population PK/PD.
Human PK and PK/PD projections are a multidisciplinary approach that requires knowledge in all ADME fields including pharmacokinetics, pharmacology, formulation sciences, and physical pharmacy. In summary, (a) allometrybased methods and mechanistic PBPK approaches are "practical" and should both be employed, (b) metabolismbased IVIVE, species agreement, and concordance between methods can enhance confidence in PK/PD projections, (c) reverse pharmacology approaches utilizing the available preclinical and clinical data to predict accurate profile for the backup compounds should be used whenever possible, and (d) simulation approaches should include model scenarios as a risk assessment tool for PK/PD predictions.
CONCLUSIONS
The anticipation of human dose and PK/PD projections can be readily implemented at all stages in drug discovery and development. Commercial softwares now allow the practical integration of biopharmaceutical properties, PK, and PD to carry out formulation-dependent PK/PD modeling for preclinical and clinical settings. Conventional tools such as allometry, the Wajima et al. method, or PBPK models all can aid in the projection of CL, or V ss , which are required PK parameters to project human PK and PK/PD profiles. Prospective simulations using preclinical PK/PD data can be used to identify development risks. While plasma profiles from multiple species may be advantageous to identify species agreement or species-dependent metabolism/disposition ("disconnects"), human PK/PD projections can often be carried out using only rat data. In situations where clinical PK/PD data are available from frontrunners, a reverse pharmacology strategy can be used to establish links with preclinical PK/PD models to aid in selection of backup candidates. Integrated simulation tools in combination with established PK projection methods can greatly aid in the projection of formulation-dependent preclinical and human PK/PD profiles and can offer advantages of reducing animal studies, while optimizing PK/PD success potential in the clinic.
